What is the population viability of a critically endangered seashore grass, Arctophila fulva var. pendulina. Location: Liminka Bay, W Finland, 25°21'70 N, 64°51'90 E. Methods: We constructed a matrix population model based on colonization and disappearance events and patch size changes of A. fulva. Patches were divided into hydric and nonhydric zones according to proximity to the seashore and intensity of disturbance. Perturbation analyses were carried out in order to identify transitions critical for population growth. Seed bank and seed germination studies provided background information for the model design. Results: A. fulva patches observed in the more disturbed hydric zone (closest to the sea) increased in number, as did the total number of patches. However, the number of patches in the less disturbed non-hydric zone decreased. Conclusions: Short-term dynamics of the A. fulva population at Liminka Bay seem to be determined by environmental fluctuations, which cause annual variation in transition rates between patch size classes. The long-term dynamics are probably governed by initiation of primary succession by isostatic land uplift. Increased disturbance at the water's edge may promote persistence of A. fulva through reduced interspecific competition. Our results suggest that shoreline disturbance of the hydric zone is sufficient for maintaining a viable population. Competitive exclusion of A. fulva in the non-hydric zone may be delayed by management practices, such as mowing.
Introduction
Seashores are dynamic environments where natural disturbances largely shape plant communities. Shores experience disturbance by waves, wind, water level changes, ice scouring and plant debris. Low stature meadows at the northernmost Baltic Sea coastline (Bothnian Bay) differ from oceanic shores in that the role of tidal disturbance and concomitant erosion is negligible, although water level changes may sometimes be considerable. In the Bothnian Bay ice scouring and floating plant debris destroy vegetation and debris also inhibits growth by blocking sunlight as documented for oceanic shores (Minchinton 2002) , creating open habitats of low competitive pressure that enable plant establishment by seeds or clonal growth (Brewer et al. 1998) . Water movement, ice and floating plant debris can also facilitate dispersal by seeds and plant fragments.
Disturbance may thus play a dual role in determining the plant population dynamics at low shores of the Bothnian Bay. Stochastic disturbances influence species interactions, composition and diversity and create areas at different successional stages. To understand how disturbances affect plant populations, it is necessary to study how population dynamics differ between areas of different disturbance regimes. Disturbances are of greatest intensity in areas near the water's edge, whereas the upper shore is less frequently and less intensively disturbed. Vegetation is also shaped by post-glacial isostatic land uplift (6.9 mm.yr -1 in the Oulu area; Anon. 2004) initiating primary succession.
Of 23 endangered Baltic shore plant species, half are specific to the open meadows (Ryttäri & Kettunen 1997) . Among these Arctophila fulva var. pendulina (Poaceae) is critically endangered (Rassi et al. 2001) . A. fulva belongs to the Primula sibirica species group, which consists of seashore plant species that occur both along the coast of the Arctic Ocean and the Baltic Sea (Eurola 1999) . On Baltic coasts these species' distributions are spatially fragmented and many are endangered. The species aggregate A. fulva has a circumpolar distribution but variety pendulina is endemic to the Bothnian Bay. The number of var. pendulina populations has declined over recent decades and only eight clearly separate, small populations remain in Sweden and Finland (Ericson & Wallentinus 1979; Siira 1994) . The largest population is at Liminka Bay (Fig. 1) , where it covers an area of ca. 0.35 ha. Other populations range from a few square metres to some tens of square metres in area. Population declines may be due to changing agricultural practices: traditional cattle grazing and mowing that used to keep the seashores open have ended. Long-term data on water quality at Liminka Bay also indicates a pronounced eutrophication (Siira 1994) which, in addition to the effects of land uplift, has led to the demise of some species, including A. fulva (Markkola 1993) .
A. fulva is a tall, perennial, clonal grass that usually grows as scattered monospecific patches in shallow water on the shores of seas, rivers and sometimes lakes (Väre 1997) . It seems to prefer river estuaries and areas where competition with other species is limited. The life span of an individual aerial shoot is usually two years (Dobson 1989) . The species flowers regularly, but no seedlings have been found in the study area in 20 yr (pers. comm.).
The aim of this study is to examine the dynamics and assess persistence of the A. fulva population at Liminka Bay. The biological information necessary for developing recovery guidelines for rare species includes an assessment of the biological status of the species and identification of life-history stages most critical to population growth (Schemske et al. 1994) . Matrix population models offer a tool for assessing both of these and they have been widely used in conservation ecology (see e.g. García 2003; Lindborg & Ehrlén 2002; Menges 1990; Rae & Ebert 2002) . Usually, an individual plant or shoot is used as the basic unit in population modelling. However, many seashore plants are clonal perennials with densely crowded shoots, and following individual shoot dynamics is difficult or impossible. We used an alternative approach, creating a matrix model based on A. fulva patch size classes to assess the status of the population and to recognise the stages of patch development that are most critical to growth and persistence of the species (Ehrlén 1999) . We also assessed effects of contrasting disturbance and competition regimes on dynamics of populations in the closed vegetation of the upper shore and in the proximity of the water's edge. Seed bank and seed germination studies provided background information for the model design. The results of this study will be used to direct further research and to gain a better understanding of the net effect of shoreline processes on plant populations in seashore habitats.
Material and Methods

Seed germination and seed bank experiment
Spikelets of A. fulva were collected from six randomly chosen patches on 16 August and 3 September 1998. Spikelets collected in August appeared to contain mature yet undispersed seeds, whereas the ones collected in September were empty. Hence, it was concluded that seeds matured and dispersed in August. It was assumed that seeds undergo natural cold stratification before germination the next growing season. Seeds were stored in dry conditions and underwent ambient temperature conditions of the winter 1998-1999 prior to the germination experiment in 1999. Seeds were incubated on wet filter paper in six Petri dishes (50 seeds per dish) at +20ºC and a 16:8 light:dark cycle for eight weeks and checked for germinated seeds every five days. At the end of the experiment ungerminated seeds were dissected and placed in a 1.0% solution of 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) to check their viability (Baskin & Baskin 1998) . Colour reaction of seeds was checked after 30 min, one and six hr. In 1999 seeds were collected from the field on 29 July, 9 August and 13 August. They were dissected and examined microscopically. Viability of collected seeds was checked using the TTC test described above.
To assess the seed bank, soil samples were taken from three patches (two large and one medium) surveyed since 1992. Samples were collected on 1 June. From each patch five soil samples were collected in PVC cylinders (depth 25 cm, diameter 10.3 cm). Samples were divided vertically into 5 cm layers which were homogenised and 10 mm of soil was placed in a Petri dish. Samples were kept in a growth chamber at a temperature of +20°C and a 16:8 light:dark cycle for eight weeks. They were watered ca. every three days. After eight weeks seedlings were identified and removed from the samples, which were again subjected to cold stratification (seven days at -3°C, 28 days at -18°C and seven days at -3°C). After this samples were placed in the growth chamber for another eight weeks and checked again for seedlings.
Census data and the projection matrix model
The area and location of all patches of A. fulva at Liminka Bay were assessed at the end of every growing season (August-early September) from 1992 to 1999. The patches were classified by area as: small (< 20 m 2 ), medium (20 -99 m 2 ) or large (> 99 m 2 ). More size classes were considered, but increasing the number of size classes would have resulted in many zero transition probabilities. The annual patch survival and transitions between size classes ( Fig. 2 ) were used to construct 3 × 3 transition matrices following Lefkovitch (1965) . Annual probabilities of new patch formation, patch survival in a size class, or growth or decrease to another class, were calculated from field census data. New patches were assumed to have originated from the nearest existing patch.
The population was divided into two subpopulations based on position relative to the shoreline. Patches nearest the water's edge in the hydrolittoral, where plants have plenty of open area for colonization but experience stochastic disturbance by wave action, plant debris and ice scouring, were assigned to the hydric zone subpopulation. Patches further from the water, in the lower geolittoral or upper shore, where the vegetation is dense and more continuous, were assigned to the non-hydric zone subpopulation. In the non-hydric zone, surrounding vegetation and distance from the shoreline reduce the force of the waves and plant debris rarely reaches the area.
Census data yielded seven inter-annual transition matrices for the population as a whole and the hydric and non-hydric habitat zones separately. Mean transition rates and standard deviation SD were calculated from these matrices. Elasticities were used to identify the transitions that are the most effective management targets. The elasticities sum to unity across the whole matrix and represent the relative contribution of each matrix element to the population growth rate (Horvitz et al. 1997) . Elasticities indicate the relative importance of life cycle transitions for population growth and maintenance (de Kroon et al. 2000) . We quantified the contribution of transition rates to the differences between population growth rates in the hydric and non-hydric zones by analysing the difference between hydric and non-hydric zones as a fixed-design life table response experiment (LTRE; Caswell 1996 Caswell , 2001 ). With LTRE analysis we studied which transitions contribute most to the differences between growth rates of the two different subpopulations. The eigenvalue sensitivities of this analysis were calculated from the transition rate matrix that was a mean of the matrices for the hydric and nonhydric zones.
Patch numbers for the whole population were simulated over 20 yr by randomly choosing one of the seven transition rate matrices for each year and using it for projecting population densities in the next year. The simulations were replicated 1000 × to obtain a mean and s.d. for the simulated number of patches. Extinction probabilities at the whole population and hydric and non-hydric zones were based on 200 yr stochastic simulations with 10 000 replicates, the extinction probability being estimated as the portion of simulations leading to population extinction. Transition matrices were randomly picked from the seven observation based matrices and results for each simulated year were rounded down to the nearest whole number. 
Results
Seed germination and seed bank experiment
Seeds collected in the summer of 1998 did not germinate and showed no respiration when tested with TTC indicating that the seeds were not viable. Seeds collected in 1999 showed no respiration either and, under microscopic examination, only 10% contained endosperm and none contained embryos. Soil samples in the seed bank experiment did not produce any A. fulva seedlings, even though seedlings of several other species, living in similar conditions, appeared, and we concluded that A. fulva does not have a reserve of viable seeds in the soil.
Projection matrix model
Altogether, there were 50 patches at Liminka Bay during the study period, 32 in the hydric zone and 18 in the non-hydric zone. The large patch size class was very stable, as none of them disappeared during the eight year study period. Of nine patches that disappeared, seven were in the small and two in the medium size classes. Patch number increased in the hydric zone during the survey period and decreased in the nonhydric zone (Fig. 3) . New patches were formed near existing ones: 91% were within 1-20 m of existing patches suggesting short dispersal distances. Eight of nine patch extinctions occurred in the non-hydric zone and 70% of new patches were established in the hydric zone.
When all patches of the Liminka Bay area were pooled, population growth rate, measured as the dominant eigenvalue λ = 1.054 of the mean transition rate matrix, suggested that the number of patches is increasing. The stochastic simulation with the seven transition matrices showed an increasing number of patches in the hydric zone (λ = 1.14, Fig. 4 ), while the patch number decreased in the non-hydric zone (λ = 0.96, Fig. 4 ). The expected rates of change in patch numbers obtained from stochastic simulations equal the geometric mean of dominant eigenvalues of the seven transition matrices. The annual variation in the eigenvalues was three times greater in the hydric -SD (λ) = 0.145 -than in the non-hydric zone -SD (λ) = 0.054. When patches of both zones were pooled, λ varied little -SD (λ) = 0.057 -and the most variable transition turned out to be the shrinkage from large to medium patch size (Table 1) .
The elasticity analysis showed the growth of the pooled population to be most sensitive to the changes in the transition small to small which includes both the probability of small patches staying small or small patches producing new small patches (Table 1 ). The division of the population into hydric and non-hydric zones did not change the result much: the probability of staying in the small class still had the highest elasticity, but the probability of staying in the large size class now seems to be more important in the hydric than in the non-hydric zone (Table 1) .
The LTRE resulted in the following contributions of each transition for the difference between hydric and non-hydric zones:
Positive values indicate transitions that increase the growth rate at the hydric zone compared to the nonhydric zone, while negative values indicate the opposite. The difference in the mean matrix dominant eigenvalues between the hydric and the non-hydric populations was λ hydric -λ non-hydric = 0.18, which approximates the sum of LTRE contributions (0.1786) (see sized patch also made a large contribution to the difference between the λ-values for the two zones. According to the stochastic simulation the cumulative extinction probability of the whole population is low, only ca. 4.5 % in 150 yr (Fig. 5) . When analysed separately, the hydric zone yields zero extinction probability, whereas the non-hydric zone is expected to become extinct within 40 yr (Fig. 5) . The median time to extinction in the non-hydric zone is ca. 25 yr. Fig. 4 . The number of patches as predicted by the stochastic simulation (mean ± SD of 1000 simulations) for (a) the whole population, (b) the hydric and (c) non-hydric zones separately.
The annual population growth rates that correspond to the mean of stochastic simulations are: whole population = 1.054, λ hydric =1.14 and λ non-hydric = 0.96. Caswell 1996). The growth from small to medium sized patch explains most of the variation in growth rates between the two zones, but the transition from medium to large patch and production of small patches by medium
Discussion
Although A. fulva flowers regularly, lack of viable seeds and seed bank indicate sexual reproduction to be unsuccessful. This may be a common phenomenon among seashore plants (Harrison 1979; Ramage & Schiel 1999) . Bouzillé et al. (1997) , for example, found no Juncus gerardii seedlings in western France despite regular flowering. Dispersal and colonization of A. fulva apparently occur mainly vegetatively through clonal growth from rhizomes. Ice scouring and floating debris loosen shoots and rhizome fragments which may root and form new patches (Rautiainen et al. unpubl.) . In arctic Canada A. fulva is often sterile and propagates vegetatively (Porsild 1957) and is even able to grow new shoots from the previous season's, apparently dead, stems (Aiken & Buck 2002) .
Colonization events in the present study show that although dispersal by rhizomes does occur at Liminka Bay, it appears to be limited to small distances from existing patches. Therefore, it is appropriate to assume that the most likely origin of a newly formed patch is the nearest existing one. Differences in patch formation and disappearance supported the division of the population into two zones. Only one of the patches that disappeared and most of the new patches were in the hydric zone.
Despite the critically endangered conservation status of the species, the Liminka Bay population of A. fulva does not seem to be in immediate danger of extinction. According to the mean transition rate matrix analysis for the whole population, the number of patches was increasing. Stochastic simulations on the seven interannual transition matrices showed that the hydric zone population near the seashore is not likely to become extinct. The situation is more worrisome for the nonhydric zone, however, since the number of patches in that zone is decreasing and expected to lead to extinction within the next 40 yr.
The higher growth rate in the hydric zone compared to the non-hydric one was mostly due to the former having a higher patch growth rate from small to medium patch size class. This is probably due to stronger effects of interspecific competition on A. fulva in the non-hydric zone. Small patches are more likely to be outcompeted by other species in the non-hydric zone. Disturbance by ice scouring does not seem to be sufficient in the non-hydric zone to create open gaps suitable for A. fulva colonization and to slow competitive displacement of A. fulva by later successional species. The hydric, early successional environment is characterized by the opposite: interspecific competition is low in intensity and frequent and intense disturbances leave ample space for colonization. This is similar to the dynamics of Pedicularis furbishiae in St. John River Valley in northern Maine (USA), where river dynamics both cause mortality and create a habitat for colonization (Menges 1990) .
The populations of both hydric and non-hydric zones exhibited little annual variation in the rate of increase in the number of patches, although variation was higher in the hydric zone, implying that the transitions with lowest elasticities were least variable between years and some transition rates were negatively correlated. This means that extinction events were balanced out by colonizations, a common observation for many other plant species (Silvertown & Lovett Doust 1993) . For example, 1995 was characterized by storms and rapid changes in the sea level and these frequent disturbances led to the highest extinction rates observed during the survey period, as well as the highest rate of establishment of new patches.
Variation in demographic parameters includes demographic stochasticity and sampling effect, systematic differences between populations, and environmental variability (de Kroon et al. 2000) . We consider that the observed variation in the A. fulva population size is mainly due to variation in the environment. Moreover, transition rates differ in variability: shrinkage of large patches to medium patches had the highest variance. Due to the longevity of clones and other remnant qualities, sensu Eriksson (1996 Eriksson ( , 2000 , such as clonal propagation, the persistence of patches in the large size class could ensure population survival in the landscape for long periods and should not be ignored when conservation measures are outlined.
In all analyses, population growth rate was most affected by persistence of small patches within their size class or the production of new small patches. The survival of small patches depends on environmental disturbances. As A. fulva seems to be a poor competitor for space, it needs gaps created by disturbance in the non-hydric zone for colonization. In turn, disturbance creates new patches by dispersing rhizome fragments in the hydric zone.
While environmental fluctuations appear to drive short-term population dynamics of A. fulva, primary succession caused by isostatic land uplift is the main deterministic force influencing A. fulva population dynamics. It seems that the frequently disturbed parts of A. fulva habitats are able to maintain viable populations and do not require special management. Isostatic land uplift moves A. fulva patches further away from the shore in the non-hydric zone where competition, due to soil eutrophication and the absence of man made or natural disturbance, may lead to extinction (Siira 1994) . The longevity of A. fulva genets may ensure the persistence of extant patches for a long time, but cannot change the inevitable successional progress that leads to disappearance.
Although the population of A. fulva at Liminka Bay is not in immediate danger of extinction, it should be carefully monitored in the future. Generally, marginal populations of species with disjunct distributions are more sensitive to environmental variation than more continuous, central populations of the same species (Bengtsson 2000; Hunter 2002 ). Management can potentially maintain the population size high enough to avoid extinction due to an unpredictable disturbance event of great magnitude. For example, hay mowing around populations could slow down the process of other, more aggressive, species closing in on A. fulva patches. Removal of surrounding vegetation must, however, be carefully planned because water deposits more floating debris in sites where vegetation is either absent or low, potentially suffocating A. fulva patches (Rautiainen et al. unpubl.) . In the long-term, persistence of the endemic flora of the Bothnian Bay area will only be ensured by targeting management efforts at a regional level. Revitalizing traditional agricultural methods, such as cattle grazing in the non-hydric zone, could help to conserve the unique vegetation of the Liminka Bay area.
